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Abstract 
Nowadays, there is an increased interest in developing performance based specifications for quality control during the 
construction, that can provide more realistic information about the life cycle behaviour of the track. 
In this research, Falling Weight Deflectometer (FWD) tests were undertaken during the construction of a 29 km new railway 
line, at the top of the substructure and in different months. Based on FWD deflections, structural models of the track were 
established through back-calculation, and the variation of the moduli for different testing campaigns was evaluated. The main 
results obtained are presented and analysed in this paper. 
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1. Introduction 
During the railway infrastructures life cycle, some track components have to be replaced while others can 
remain the same, in particular the substructure [1,2]. Therefore, efficient quality control during construction and 
regular maintenance actions are required, in order to guarantee a proper behaviour of the track. 
Traffic loads and climatic factors are the main causes of track changes and consequently of its deterioration.  
Today, monitoring devices allow to determine parameters related to track geometry problems [3,4] but not 
their main causes such as ballast pockets, fouled ballast, poor drainage, subgrade deformation, subgrade attrition 
and transitions problems. 
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A sound quality control during construction is an important tool to guarantee the proper behaviour of the track 
during operation. The non-destructive tests allow for an efficient characterisation of the materials in situ. 
Nowadays, there are several methods that can perform tests for transportation infrastructures evaluation either 
continuously, [3,5,6,7,8], like Portancemetre and Ground Penetrating Radar (GPR), or with a high density of test 
location, such as Falling Weight Deflectometer (FWD) or Handy FWD (HWD) [3,6,9]. Based on these results, it 
is possible not only to evaluate the infrastructure condition, but also to adopt proper measures even during 
construction, in order to improve the infrastructure, either by correcting construction errors or by adapting the 
initial design according to local conditions and available materials. 
Most of non-destructive tests, for example the load tests performed with FWD, allow for evaluation of layers 
stiffness that are significant parameters as are related to infrastructure deterioration [2,10]. On the other hand, the 
GPR permits to determine infrastructure conditions and layers thicknesses [11,12]. These tests are generally 
complementary as their results are necessary for bearing capacity evaluation [13,14]. 
Some studies were developed at LNEC during the construction of a new railway track, of about 29 km, 
designed for high speed and for mixed traffic. FWD tests were performed at the top of the sub-ballast layer, in 
four different campaigns during winter and spring.  
This paper presents the results obtained through back-calculation process and analyses the variation of the 
layer moduli along the track for different months. 
2. Case Study 
2.1. Track characteristics 
A new bypass track, of about 29 km, was constructed recently as alternative to the line that linked Lisbon to 
Faro, in Portugal. It was designed for both passengers and freight trains, according to the requirements for high-
speed traffic [13]. The cross section geometry, adopted on about 95% of track length, consists of a sub-ballast 
layer (0.30 m) and a capping layer (0.20 m), overlaying the subgrade soil, as shown in Figure 1. 
 Nevertheless, along the 29 km, also other cross section geometries were adopted. Thus, for structural analysis 
purpose, the track was divided in five different sections, as it is shown in the next table. It should be highlighted 
that 9% of the entire bypass length consists of bridges. 
Relating to materials, the sub-ballast layer was composed by granite well graded crushed unbound granular 
material (UGM), excepting for section A2 which was composed by 0.15 m of granite UGM, as top layer of sub-
ballast and 0.15 m of limestone aggregate, as bottom layer of sub-ballast [9]. Limestone UGM was used also for 
capping layer. Therefore, for structural modelling of section A2, the bottom sub-ballast layer was considered 
together with the capping layer, as are the same material (see Table 1). 
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Figure 1 Cross section geometry generally adopted 
 
Table 1 Track cross sections considered for structural modelling 
Section A1 A2 B C D 
Location (km) 
2+400/5+100 
11+850/15+650 
26+275/26+475 
0+600/3+500 
6+150/8+325 
15+650/28+775 
3+500/3+650 
3+950/4+075 
6+025/6+150 
3+650/3+950 17+425/17+875 
Sub-ballast 0.30 m 0.15 m 0.30 m 0.30 m 0.30 m 
Capping layer 0.20 m 0.35 m 0.35 m 0.50 m 0.40 m 
Subgrade 0.80 m 0.80 m 0.65 m 0.50 m 0.60 m 
 
2.2. In situ tests 
The aim of this study was to analyse and compare non-destructive loading test results in terms of deflections 
for different climatic conditions. FWD tests were carried out in four campaigns: in November and December of 
2008, and in January and March of 2009.  
Tests were performed at the top of the sub-ballast layer, along the future path layout of the external rail for the 
entire track, generally every 500 m. Nevertheless, for shorter sections (B, C and D), tests were performed every 
50 m, as a higher test density was needed.  
A load plate of 0.30 m diameter was used and deflections were measured by using a set of nine geophones 
(see Figure 2): the first is placed in the centre of the load plate (D1) and the others, at different distances: 0.30 m 
(D2), 0.45 m (D3), 0.60 m (D4), 0.90 m (D5), 1.20 m (D6), 1.50 m (D7), 1.80 m (D8) and 2.10 m (D9). 
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Figure 2 Example of Falling Weight Deflectometer deflection bowl 
This paper presents the results corresponding to 25 kN load, as it is the lowest load induced by FWD. Figure 3 
presents an example of deflections measured along the track during the November testing campaign. 
In addition, in November and December, water content (w) measurements were performed by using a nuclear 
gauge. Results are presented in Figure 4 and they are compared with the optimum value estimated. 
Finally, the statistics regarding the precipitations that occurred during the period studied were gathered, with 
the aim of knowing the rainfalls and, consequently, the influence of the climatic conditions on the structure 
response. A graphic of precipitation observed in the meteorological station close to the railway track zone, during 
the test period, is represented in Figure 5. Taking into account the period of the tests, it can be observed that 
precipitation was higher during December and January campaigns and lower in March. 
 
Figure 3 Deflections measured along the track - 25 kN, November campaign 
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Figure 4 Water content values measured during November and December campaigns 
 
 
 
 
 
 
 
Figure 5 Precipitation observed between November 2008 and October 2009 [15] 
2.3. Study development 
Considering the great amount of data, the average values and standard deviation of the deflections measures 
were calculated. Based on these values, and taking into account the different cross sections along the track, the 
representative deflection bowl was chosen for each section. For the first two sections A1 and A2, that represent 
almost the entire length as already referred, the reference point considered as representative of each section was 
selected as the one closer to the 85th percentile of total values obtained in November. For the other sections, B, C 
and D, due to their reduced length, the reference point selected was the one with more measurements during the 
testing campaigns. For these sections, FWD tests were carried out every 50 m in the testing campaigns after 
November. Table 2 presents the reference point locations for each section and the deflections measured at these 
points during November campaign, except for section C that was only measured since December. 
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Table 2 Example of deflections values measured at the reference points for each section – November campaign 
Section 
 Deflections [Pm] 
RP D1 D2 D3 D4 D5 D6 D7 D8 D9 
A1 2600 277 97 62 48 33 27 19 16 14 
A2 18100 267 87 59 48 34 25 18 14 12 
B 3600 137 39 25 21 15 12 8 7 5 
C* 3800 233 59 31 24 18 14 10 10 6 
D 17600 201 55 37 32 24 18 12 10 8 
RP - Reference point 
* - December campaign, as was not measured in November 
 
In order to study the variation of the materials modulus for different months, a back-calculation study was 
developed for each representative point, using a multi linear elastic model (BISAR). Thus, the materials elastic 
modulus was calculated and the structural models of different sections were estimated and compared. 
2.4. Results analysis 
The results of structural evaluation obtained for each section and for each testing campaign are presented in 
Figures 6 and 7 and analysed herein. 
The first conclusion is that the elastic moduli obtained for sub-ballast (granite UGM) are quite lower than the 
ones obtained for capping material (limestone UGM). Frequently, this kind of limestone material presents higher 
modulus values due to cementation process, as already presented in previous research works [3]. Besides the 
differences between the materials characteristics, namely granite versus limestone, the modulus of the materials 
is also affected by its location in the substructure, being submitted to different stress states [16]. Thus, the 
modulus of the materials is expected to increase with depth. 
 
Figure 6: Back calculated modulus values based on FWD tests – (a) November campaign (b) December campaign 
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Figure 7: Back calculated modulus values based on FWD tests – (a) January campaign (b) March campaign 
The back-calculation results have also shown that the climatic conditions affect the materials response. In fact, 
in the chronological analysis, it can be seen that the precipitation influences the modulus of the materials as it 
increases their water content. It can be observed that, in general, sub-ballast modulus (E1) tends to decrease, for 
the first three months (November to January), with pluviometric events and consequently with the increase of 
water content. 
Although the precipitation is drained at the sub-ballast layer surface, due to its cross slope (5%), there is a part 
of it that passes towards the bottom layer. So, after a certain period of time, also the underneath layer will have an 
increased water content and the modulus of the capping material (E2) decreases. 
Once the precipitation ends, the top layer will dry quicker than the bottom layers, namely due to the boundary 
conditions. Then, when rainfall diminishes, the E1 modulus tends to increase faster than the E2 modulus 
Moreover, the deformation modulus at the top of the sub-ballast layer (Ed) was also calculated using the 
Boussinesq solution and the secant method, as follows: 
 
 
           where: 
           ν: Poisson ratio (value considered for calculation of 0.21) 
p: normal stress 
r: plate radius  
 D: deflection under the plate (D1). 
 
In particular, the values obtained for the reference points are presented in Table 3. It can be observed that the 
values obtained in November and December are quite similar, while in January they are 30 to 50% lower than 
those obtained in November. Then, in March, the deformation modulus values tend to increase again to values 
closer to the ones obtained in the first two campaigns. This reflects also the impact of the water content on the 
behaviour of the substructure, namely in its stiffness, and the importance of its measurement during the FWD 
tests.  
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Table 3 Deformation modulus values (MPa) for the reference points 
Section RP November December January March 
A1 2600 296 232 143 238 
A2 18100 298 305 202 318 
B 3600 613 691 314 484 
C 3800 - 594 265 497 
D 17600 395 362 231 405 
 
Also, for an overall view of the results, the deformation modulus obtained along the track, based on D1 values, 
are represented graphically, in Figures 8 and 9. 
 
 
 
 
 
 
 
 
Figure 8 Deformation modulus values - November and December campaigns 
 
Figure 9 Deformation modulus values - January and March campaigns 
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The variation of the deformation modulus values along the four test campaigns is presented in Table 4, namely 
the average, the standard deviation and the coefficient of variation values. 
Table 4 Deformation modulus variation 
 November December January March 
Average 382 326 153 350 
Standard deviation 89 115 59 118 
Coefficient of variation 0.23 0.35 0.38 0.34 
 
Given the results obtained along the line, in several campaigns, it can be concluded that the variation of 
deformation modulus can be significant when the water content of the materials varies. Moreover, also varies the 
dispersion of the distributions of values obtained in each campaign. Thus, it can be observed that the coefficient 
of variation of the deformation modulus, calculated for the entire length studied, increases with the decrease of 
the mean value of the deformation modulus values. Therefore, more studies have to be developed, particularly 
numerical modeling and in situ monitoring, in order to evaluate the influence of the variation of the deformation 
modulus, along the track and over time, on the performance of the track in operation. 
3. Conclusions 
The purpose of this paper was to study the response of railways substructure under different climatic 
conditions. 
Therefore non-destructive load tests were carried out, with Falling Weight Deflectometer, on a new railway 
track substructure, at the top of the sub-ballast layer. The track was divided in zones aiming to identify all the 
different cross sections and then, for each of them, a reference point was selected as representative, in order to 
study the structural response. The deflections measured in four different months were analysed trough a back-
calculation process, using a linear elastic model. Based on the structural models obtained, an analysis was 
developed, aiming to compare the variation of elastic moduli with water content. 
The FWD testing has proved to be an efficient non-destructive method, during construction, in order to 
determine differences in substructure response along the track. The tests performed with FWD are time efficient, 
since 29 km can be measured in one day, performing tests every 500 m, and allow for a good characterisation in 
term of stiffness of the substructure along the track length.  
Based on the back-calculation results, it was observed that the modulus of the materials, obtained for the 
various sections, is affected by water content. 
As observed during this study, the climatic conditions influence the materials behaviour, therefore the FWD 
tests should be completed with water content values measurements for more realistic evaluation.  
Future studies are required for various water contents in order to cover the behaviour for different climatic 
conditions along the year. 
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